From the analysis of the potentiometric titration data of polyelectrolytes, we can obtain the electrostatic free energy of the macromolecules. Therefore, potentiometric titration is a useful experimental procedure to study the conformation and conformational change of macromolecules. A few examples of the application of potentiometric titration to the studies on polypeptides, protein and DNA are discussed. When the potentiometric titration method is not applicable, the numerical solution of the Poisson-Boltzmann equation without use of the Debye-Hückel approximation may be employed to estimate the electrostatic potential at the surface of macromolecules. To confirm the reliability in the values thus estimated without experiments and in the values of the electrostatic free energy calculated from the surface potential, the calculated potentiometric titration data are compared with experimental data of various polyelectrolytes and proteins. The relationship between potentiometric titration data and conformations of stereoregular polyelectrolytes is also discussed.
INTRODUCTION
A carboxylic acid in aqueous solution dissociates as -COOH ~ -Coo-+ H+ lts thermodynamic dissociation constant, K", is expressed by
K" = (-COO-)(H+)/(-COOH)
(1) (2) where parentheses denote the activity of each species. Often, however, the conventional dissociation constant, K 0 , defined by (2) is used instead of Ka since we do not know the activities (in parentheses) of -COo-and -COOH but only their analytical concentrations (in brackets). Therefore, K 0 is not always a true constant, while Ka must be. Equation 2' can be written pH = pK 0 -log [(1 -a)/a] 519 (3) where the degree of ionization ~ is defined by
Ignoring the distinction between equations 2 and 2', pK 0 may be related to the standard free energy change of the dissociation process, ~G 0 , as pK 0 = -log K 0 = 0.434 ~G 0 /RT (5) In the dissociation of polyelectrolytes 1 -7 , however, an additional amount ofwork, ~Ge 1 , is required; i.e. it is necessary to remove H+ against the strong electrostatic forces of the charges already present in the molecule. That is, the apparent ionization constant, pK, of .a polyacid, which is defined by equation 6, comprises two terms; the intrinsic standard free energy change Since ~Ge 1 is the additional electric work to remove a hydrogen ion from the surface of the macro-ion to infinity, ~Ge 1 is equal to the change of the electrostatic free energy, G~1, of the macro-ion when the charge of the macromolecule is increased by one (9) where -Z is the protonic charge number of the macro-ion. Thus, we have Alternatively, ~Ge 1 can be expressed by ~Gel = N Aei/Jb (11) in terms of the electrostatic potential at the place where H+ originally existed, t/lh. Therefore, Get(~)/N can also be calculated from for spherical proteins and by Hill 10 for rodlike molecules. However, it has often been pointed out that the Debye-Hückel approximation is inapplicable not only to highly charged linear polyelectrolytes but also tÖ charged proteins, ionic polypeptides or DNA. In this work, therefore, the ~olution of equation 14 obtained by numerical integration without using the Debye-Hückel approximation11· 12 is used for discussion.
Since we can obtain the electrostatic free energy of a macro-ion from potentiometric titration data, the potentiometric titration has a particular importance in studying the conformational change of macromolecules. A well known example of the application of potentiometric titration in this field may be the study of the helix-coil transi tion of ionic polypeptides.
APPLICATION OF POTENTIOMETRIC TITRATION TO THE STUDY OF CONFORMATIONAL CHANGE OF MACROMOLECULES (1) Ionic polypeptides
As has been demonstrated by many investigators, a typical potentiometric titration curve of ionic polypeptidessuch as poly(L-glutamic acid) is as shown in Figure 1 13 . Let us assume that there is a molecule of poly(L-glutamic acid) which has zero degree of ionization and a helical conformation. The molecule is represe~ted by the symbol o in Figure 1 . If the molecule is titrated with a caustic alkali, the potentiometric titration data lie along the line OH and the electrostatic free energy of the molecule increases in proportion to the area under the curve OH. After a certain amount of electrostatic free energy is accumulated on the helical molecule, further increase of the electrostatic free energy is consumed to change the conformation of oc-helix to random coil and the electrostatic free energy of the molecule increases along the curve HC. After the molecule becomes a complete coil, the coil is discharged prohibiting re-formation of the helix. Then, the electrostatic free energy decreases along the line CO, and finally the molecule becomes an uncharged coil. The total electric work given to the molecule in this cycle is given by the area OHC and the resultant reaction is the transition of an uncharged helix to an uncharged coil. Therefore, the area OHC gives the standard free energy change in the helix-coil transition of charged poly(L-glutamic acid), Examples of the non-electrostatic part of the free energy change for the helix-coil transitions of ionic polypeptides are shown in Table 1 15 -19 • 13 . Except the value for poly(leucine) 18 , the value perhydrogen bond is at most a few hundreds of calories. The values for non-ionic polypeptides were determined by preparing copolymers with an ionic peptide.
(2) DNA 20 In neutral solutions, DNA has a double-stranded helix and each phosphate group on the molecule has a negative charge. lf the solution is heated, DNA is denatured into two coiled molecules, on which, too, each phosphate group has a negative charge. That is, the melting occurs as (15) The total free energy change for the melting of DNA is made up of two terms. One is the electrostatic free energy change, ~G:J./N P (NP being the nurober of base pairs in the molecule), which is given as the difference between the electrostatic free energy of the original helix and that of two coiled molecules. The other is the remaining part of the free energy change, that is, the nonelectrostatic free energy change ~G: /Np· The non-electrostatic free energy change may include the energy of the hydrogen bond, the stacking of base pairs and the entropy of coils, etc. That is, the total free energy change IJ.G 00 /NP is (16) The non-electrostatic free energy change is favourable for the structure of a double-stranded helix, whereas the electrostatic free energy change tends to destroy this structure.
The electrostatic free energy of the dou ble-stranded helix is calculated as the work to charge up the rod from the uncharged state to the actual state, as explained in the introduction. The calculation of the electrostatic free energy of a coiled polynucleotide, i.e. that of coiled polyelectrolytes, has not fully been clarified because of the change of its conformation during the charging up process. In this paper, we assume that the electrostatic free energy of a coiled polyelectrolyte may be calculated approximately as the work to charge up the polyion skeleton, assuming the polyion to be a rodlike molecule. That is, it is assumed that the electrostatic free energy of a coiled polyelectroiyte is accumulated around the skeleton 21 . This assumption will be discussed later.
The IJ.Gr; /NP in equation 16 is believed tobe more or less independent of ionic strength, but IJ.G':J./N P varies with ionic strength. Consequently, the total free energy change in the melting, IJ.G 00 /NP' also depends on ionic strength. Recently, the total enthalpy change and, consequently, the total free energy change per base pair at 37°C, IJ.Goo /NP' was determined in solutions of various ionic strengths by Privalov, Ptitsyn and Birnstein 22 using a microcalorimeter. Their values, IJ.G 00 /NP, and also IJ.G':J./NP calculated by the above method at various ionic strengths are listed in Table 2 . The values of IJ.Gr; /NP can then be calculated from those values as also shown in Table 2 . 1t may be concluded from Table 2 that the ionic strength dependence of IJ.Goo /NP is almost independent of ionic strength as speculated. If we calculate the non -electrostatic free energy change per hydrogen bond IJ.G': /N h from IJ.G': /NP by taking into account the guanine-cytosine content of the DNA, IJ.G: /Nh is found tobe about 1.0 kcal, which is considerably higher than the non-electrostatic free energy change per hydrogen bond for the helix-coil transition of synthetic polypeptides. The high value of AG': /Nh for DNA appears to imply that the stacking energy of base pairs is important for the stability of DNA.
It is well known that the denaturation of DNA does not occur as an allor-nothing process, but occurs as an intramolecular helix-random coil transition. At the transition point, each molecule has both helical and coiled portions. Therefore, it is assumed in this work that the electrostatic free energy of the double-stranded helix per base pair in a DNA molecule is equal to that of a perfect double-stranded helix and that of a coiled portion is equal to that of coiled polynucleotides. There are various theories on the mechanism of melting of DNA 23 -26 . In most theories, the degree of helix in DNA 8 is given in terms of a parameter s, the statistical weight of a base pair in the double-stranded helix relative to that in the denatured state, i.e. the equilibrium constant for the process of increasing a bonded sequence by one base pair. Although different theories give somewhat different dependence of e upon s, e decreases to zero sharply with decrease of s at a critical value of s which is close to unity.
6. Get I Np, kcal I base pair • Cross, B. megaterium (G-C content 37 %) 30 • Cross in a circle, Calf thymus (G-C content 44 %) plus poly(lysine) 31 If there is no electrostatic effect, s is given by
where AH jN P is the heat of dissociation of a base pair and g is a constant which depends on the structure of a nucleotide. 
where T~ is the melting temperature of uncharged DNA and a constant Ais
In Figure 2 , Tm reported by various authors (3) ß-Lactoglobulin 31 Let us assume that a protein molecule is in equilibrium with two identical subunits at any given pH and ionic strength, and also that both the dimers and the subunit are spherical and have charges + Z and + Z/2 protonic units, respectively. That is,
(21)
The protein ß-lactoglobulin displays such a dissociation equilibrium, and it has been the subject of extensive experimental investigation by Timasheff, Townend and their co-workers 33 • 34 . By determining the weight average molecular weight, it is possible to assess the weight fraction of protein present as dimer and as monomer and thus to determine the numerical value of the 'macroscopic' equilibrium constant for dissociation (22) where Cis the total formality of protein (formula weight 35 500, i.e. as dimer) and ß is the weight fraction of subunits (monomer) in the solution. The standard free energy change for this process is calculated using the measured K and the relation AGoo = -RT In K (23) As in the melting ofDNA, AG 00 may be divided into two parts, an electrostatic part (AGci) and a remainder (AG~):
The values of AG 00 for ß-lactoglobulin at different pH and ionic strengths are given by Timasheff et al. 33 as listed in Table 3 . The other problern is the ionic strength dependence of pK 0 . From equations 2 and 2', we know pK 0 should not be constant but should depend on ionic strength, though pKa is a constant independent of ionic strength. In this work, it is assumed that the ionic strength dependence of pK 0 is parallel to the ionic strength dependence of the activity coefficient of the monobasic carboxyl group in the salt solution. That is, assuming that the activity coefficients of potassium and chloride ions in KCl solutions are equal and also that the activity coefficient of an ion is constant if the ionic strength is constant, the ionic strength dependence of -coo-may be speculated from those of the activity coefficients of various monovalent carboxylic acids 35 • The ionic strength dependence of pK 0 was experimentally discussed by Olander and Holtzer 15 and by Mandel 36 .
(1) Spherical macro-ions 32 The experimental values of pH + log [(1 -cx)/cx] for ß-lactoglobulin in sodium chloride solutions are plott~ against Z in Figure 3 and are compared with those calculated from theoretical values of 4Jb· In 0.5 M NaCl solution, there is no dissociation of ß-lactoglobulin and, therefore, the agreement between the observed values of pH + log [(1 -cx)/cx] and the calculated values for undissociated ß-lactoglobulin is very good though the constant B must be chosen arbitrarily. In 0·01 M NaCl, however, there is a considerable amount of dissociation of ß-lactoglobulin at high charge densities.
Using .1.G~ calculated by the charging up method together with .1.G: = 10.6 kcaljr.u., we obtain AGro and then ß at any charge density. Therefore, the value of 4Jb for an equilibrium mixture of monomer and dimer is deter- Based on the same principle as employed for the helix-coil transition of poly(L-glutamic acid), /lG~ can be determined from the area defined by the experimental points and the subunit curve, though the graph for the subunit is simply a computed one. The only difference between these cases is that, here, the reaction is a bimolecular one, that is, an uncharged dimer is converted to two molecules of uncharged subunits after one cycle of electrical work, whereas, with poly(L-glutamic acid), an uncharged helix is converted to an uncharged coil. The free energy change AG calculated from the given area is related to the standard free energy change AG: by
The values of AG: so calculated from the area and the total concentration are given in Table 4 32 . The average value is 10.0 kcalfr.u. Comparison between theory and experiment for another protein is shown in Figures 3a and 3b 
.
(2) Rodlike and coiled polyelectrolytes At present, a perfect rodlike polyelectrolyte is not available. Poly(L-glutamic acid) may be the best sample for testing the theory. A comparison between the potentiometric titration data of poly(L-glutamic acid) and the values of cPb calculated for a rod is shown in Figure 4 12 . Agreement is fairly good, but, strictly speaking, the experiments should be repeated more carefully. The experimental data should be extrapolated to infinite dilution for comparison with theory and, moreover, pK 0 should be treated as a function of ionic strength. 4.0
-log Cs It is more difficult to discuss the potentiometric titration curves of linear (flexible) polyelectrolytes because of the flexibility of their backbones. From many sturlies on polyelectrolyte solutions, however, we can speculate that the potentiometric titration curves oflinear polyelectrolytes may be explained by assuming the polyion to be rodlike. In Figure 5 , the potentiometric titration curves of carboxymethyl cellulose are compared with the curves calculated for a rod 35 . The ionic strength dependence of pK 0 is taken into account in the calculated values. Agreement between theory and experiments at high degrees of ionization, where the polyion is believed to be fairly extended, is satisfactory but clear disagreement is found at lower degrees of ionization. The conclusion can be confirmed more clearly by plotting the data of pH + log [(1 -oc)/oc] against log Cs at constant degrees of neutralization as shown in Figure 6 . The same conclusion was previously reported for poly(acrylic acidf. The plots of pH +log [(1 -oc)/oc] versus 1/~Cs at constant degrees of ionization for poly(acrylic acid) are shown in Figure 7 .
The disagreement found at low degrees of ionization in Figures 6 and 7 may be attributed to flexibility ofthe polyion. As the charge density decreases, the expansion factor of the polyion coil decreases so that the rodlike model may become inapplicable. Thus, it may be concluded that the error in estimating the electrostatic free energy change for the melting of DNA would not be so serious even if we assume the denatured polynucleotide to be rodlike.
THE EFFECTS OF LOCAL CONFORMATION ON POTENTIOMETRie TITRATION OF STEREOREGULAR
POLYELECTROLYTES From the above conclusion, that the ionization behaviour of linear polyelectrolytes is at least qualitatively explained by using the models of rodlike molecules, one is led to expect that the potentiometric titration curve would depend on the local conformation of the polyion skeletonrather than on the overall shape of the polyion coil. This speculation can be supported by potentiometric titration data of Stereoregular polyelectrolytes. That is, because of the strong electrostatic repulsion between fixed charges, the isotactic polyelectrolytes may have a locally helical conformation, whereas atactic and syndiotactic polyelectrolytes may have a planar zig-zag conformation. This difference of local conformation may appear in their potentiometric titration curves. In Figure 8 7 , the potentiometric titration curves of isotactic, conventional and syndiotactic poly(methacrylic acids) are compared. It is clear that the isotactic poly(methacrylic acid) has a higher charge density than the syndiotactic one. The same can be observed for poly(acrylic acid), as can be seen in Figure 9 37 . From proton magnetic resonance spectra of isotactic poly(acrylic acid), we can calculate the coupling constant between the protons in the methylene and methine parts, i.e. vicinal coupling constants, in addition to chemical shifts and the geminal coupling constant. Froin this vicinal coupling constant, we can calculate the relative positions of protons, that is, the probabilities of trans, gauehe and gauehe prime forms, from which we can obtain the degree of the helix with an assumption that the probabilities of tt, gg and g'g' are negligible because of the steric hindrance between sidegroups. The probabilities oft, g and g' forms and also the degree of the helix in isotactic poly(acrylic acid) and its sodium forms calculated from those probabilities have been published 38 . The calculated values of cPb for isotactic poly(acrylic acid) in Figure 9 were obtained by using this degree of helix. On the other hand, the curves of cPb for syndiotactic poly(acrylic acid) were calculated by assuming the planar zig-zag conformation. The difference between the two calculated curves is comparable to the difference between the two experimental curves, though quantitative agreement between calculated and observed curves is not good because of the flexibility of their backbones.
Muroga, Noda and Nagasawa 38 reported a constant vicinal coupling constant for isotactic poly(acrylic acid) independent of the degree of neutra-lization, but Y oshino 39 showed by using deuterated isotactic poly(acrylic acid) that the vicinal coupling constant and, hence, the degree of helix increases slightly with degree of neutralization. This is in good cantrast with the fact that the helical structure of poly(L-glutamic acid) is collapsed by electrostatic repulsion if the molecule is neutralized. Due to the presence of a methyl group, the helical structure of isotactic poly(methacrylic acid) may be more stable than that of isotactic poly(acrylic acid).
